Habitat change due to resort development threatens rare and endemic fauna of alpine and subalpine regions. There is an urgent need to understand species persistence in such areas. The broad-toothed rat (Mastacomys fuscus) is a rare, specialist species found in alpine and subalpine regions of Australia. We conducted fecal pellet surveys in an alpine resort to determine the species' distribution and habitat requirements. Eight individuals were radiotracked to investigate movement patterns and habitat use. Fecal pellets were found in areas of dense vegetation cover up to 1 m above ground. Home ranges were small (1,488-6,106 m 2 ) and encompassed managed indigenous vegetation on or beside ski runs. Five individuals regularly crossed a narrow (3-5 m) cleared track. Two adult males dispersed (including traversing a wide grassy ski run) up to 1 km. The ability to cross modified areas and move throughout the landscape is proposed as a key factor facilitating the persistence of M. fuscus in the resort. Enhancing the capacity of species to move between habitat patches should be incorporated into alpine resort management plans. Such management will become increasingly important as anthropogenic disturbance increases in alpine regions.
Management of species with geographically restricted ranges and narrow habitat requirements is complex and challenging. Rare and specialized species often have amplified susceptibility to human-induced environmental change (Davies et al. 2004) , threatening their conservation. The convergence of naturally rare species and anthropogenic change is increasingly apparent in subalpine and alpine regions. These regions are unique in terms of climate and landforms (Nagy and Grabherr 2009) . Combined with restricted land area, this often results in small populations of endemic species (e.g., Ricketts et al. 2005) . However, subalpine and alpine regions are being increasingly degraded. They are particularly susceptible to the effects of climate change (Beniston 2003) , with climate-induced biotic changes having been described (Keller et al. 2000; Jump et al. 2012; Lurgi et al. 2012) . Disturbance associated with recreational uses (particularly winter sport activities) is an additional concern and perhaps one of the most widespread and serious threats facing alpine regions (e.g., Rolando et al. 2007 ).
Alpine resorts have been implicated as a cause of environmental degradation (Martin 2013) , including in Australia where just 0.3% of the landmass exists as subalpine/alpine habitat (Williams and Costin 1994) . Within resorts, creation of ski runs typically involves removal of indigenous vegetation as well as other important habitat features (e.g., woody debris, rocks). Mechanical grading and snow grooming can also result in soil compaction and loss and associated changes in plant composition (Wipf et al. 2005) . In summer, ski run maintenance typically involves slashing or pruning vegetation on and alongside ski runs (e.g., Harvey and Rumpff 2004; Wipf et al. 2005) . These processes result in the direct loss, fragmentation, and modification of habitat, all of which can threaten biodiversity (Rolando et al. 2007; Mitrovski et al. 2008; Sato et al. 2014) . Thus, there is a need to better understand the ecological requirements of subalpine and alpine fauna and the mechanisms that facilitate their persistence. This need is urgent for naturally rare species with restricted distributions.
The broad-toothed rat (Mastacomys fuscus) is a native rodent (~95-150 g) of southeastern Australia. It occurs only where summers are cool and rainfall is high (> 1,000 mm annually), and is a specialist herbivore, feeding on material from a small number of plant species (Menkhorst 1995; Happold 2008) . These requirements result in small, disjunct populations and a geographically restricted distribution. Although M. fuscus occurs at elevations from sea level to > 1,800 m, strongholds are mostly in subalpine and alpine regions (Menkhorst et al. 2008) . Given its narrow distribution and specialist requirements, M. fuscus is likely to be highly sensitive to human-induced change (Brereton et al. 1995) . Although previous work has been conducted in relatively undisturbed habitats (e.g., O'Brien et al. 2008; Happold 2011) , little is known about the ecology of the species in areas where anthropogenic change is more pervasive.
We studied the spatial ecology and habitat use of M. fuscus in an intensively managed alpine resort. The study comprised 2 components: 1) fecal pellet surveys to determine distribution and habitat preferences and 2) telemetry to determine homerange size and movement patterns. Knowledge gained from this work will provide insights into the ability of a naturally rare species to persist in a highly modified alpine resort environment.
Materials and Methods
Study area.-The study area was the Mt Buller Alpine Resort (37°08′S, 146°25′E), Victoria, Australia (Fig. 1) . The resort is one of the largest in Australia with village and ski fields covering approximately 850 ha between 1,400 and 1,800 m elevation (Harvey and Rumpff 2004; Perrin et al. 2007) .
Mt Buller receives between 50 and 150 cm of snow annually with a period of permanent snow cover from June to October. Vegetation includes alpine grasslands, heathlands, and herbfields and subalpine woodland and forests (Perrin et al. 2007 ). Boulderfields also occur in some locations and typically are associated with subalpine or alpine shrubby heathland.
Two types of ski runs occur throughout the resort: 1) ski runs comprising indigenous vegetation (heathland or grassland) or boulderfields and 2) grassy ski runs (where indigenous vegetation has been completely removed) comprising exotic grass species including Trifolium repens, Festuca rubra, and Lolium perenne (Perrin et al. 2007) . A range of vegetation management practices are undertaken within ski runs in summer according to ecological sensitivity and management needs (Harvey and Rumpff 2004) . In general, indigenous vegetation is either slashed (30-40 cm) or manually pruned (> 40 cm) and exotic vegetation is slashed (10-30 cm). (Fig. 1) . We selected sites randomly across a range of habitats including heathland (32 sites), subalpine woodland (8), grassy ski runs (8), and boulderfields (4) across the resort between 1,500-and 1,680-m elevation. Habitats were sampled relative to their availability.
Fecal pellet searches have proven effective in detecting M. fuscus elsewhere (Happold 1989; Wallis 1992; Green and Osborne 2003) . Pellets produced by M. fuscus are distinctive from other rat species and are found in piles in runways (Happold 1989) . Green and Osborne (2003) determined that if M. fuscus were present in heath or grassland, pellets could be detected with 98% certainty within the first 5 min of a timed search. To maximize the chance of detecting pellets in this study, we extended the search time to 10 min by 2 observers. At each site, the search area was constrained within a single habitat type and covered approximately 200 m 2 . At each site, we sampled the percent cover and structure of vegetation at 4 random points within 10 m of the search starting location. At each point, the percent cover of vegetation lifeforms/ground cover was visually estimated in a 2 × 2-m quadrat. The same observer completed all cover estimates to minimize observer bias. Life-form/ground cover categories were shrub, sedge, snow grass (Poa spp.), herb, bare ground, rock, moss, leaf litter, dead wood (branches/logs/stumps ≥ 50-mm diameter), and canopy. We measured vegetation structure at the 4 points using a 10-mm diameter pole marked at 10-cm increments (10-150 cm) lowered vertically to ground level through the vegetation. The number of plant contacts on the pole in each 10-cm interval was recorded.
Explanatory variables and model development.-We averaged vegetation cover and structure data from the 4 sample points at a site to obtain a single measure for each variable per site. Principal component (PC) analysis was used to summarize variables relating to vegetation structure (i.e., the number of vegetation contacts in different height categories). The first 2 factors accounted for 71.3% of variance in the data and were used as explanatory variables (Table 1) . PC1 represents a gradient from sites with structural complexity close to the ground (< 40 cm) to those with structural complexity at higher levels (60-150 cm). PC2 represents a gradient from sites with vegetation structure at intermediate heights (10-70 cm) to those with structure > 120 cm (Table 1) .
Several pairs of vegetation life-form/ground cover variables were highly correlated (r > 0.55). To avoid problems associated with collinearity, we omitted 1 variable from each correlated pair in further analysis; the variable considered least likely to have a biological influence on the occurrence of M. fuscus was removed. From the remaining set of variables, 4 were selected for inclusion in models: snow grass, herb, bare ground, and dead wood.
We used the information-theoretic paradigm (Burnham and Anderson 2002) to test hypotheses relating to signs of M. fuscus presence and vegetation/habitat characteristics. Generalized linear models using a binomial distribution were developed with the presence/absence of M. fuscus pellets forming the response variable. Explanatory variables were divided into 2 groups representing distinct hypotheses regarding influences on M. fuscus presence: 1) habitat structure (PC1 and PC2) and 2) vegetation life-forms/ground cover (snow grass, herb, bare ground, and dead wood). A separate model was developed for each of these hypotheses, and a 3rd "global" model was developed that contained all 6 explanatory variables. All explanatory variables were standardized to allow direct comparison of parameter estimates. Explanatory variables were considered to be an important influence on the response variable where the 95% confidence interval (CI) for model coefficients did not overlap zero. Variance inflation factors (VIFs) were calculated for all variables in the global model. All VIFs were < 1.8, indicating that collinearity was not an issue (Zuur et al. 2009 ). We assessed model fit by inspecting residual plots generated from the global model. Partial residual plots indicated that the relationship between fecal pellet presence and PC1 was not linear: inclusion of a quadratic term for PC1 improved model fit (Akaike's information criterion corrected for small sample size [AIC c ] without PC1 quadratic term = 57.9; AIC c with PC1 quadratic term = 53.5). All statistical procedures were performed using the R statistical program (R Development Core Team 2012). VIFs and partial residual plots were generated using the "car" package ver. 2.0-13 (Fox and Weisberg 2011) . Information-theoretic model selection procedures were performed using the "AICcmodavg" package ver. 1.26 (Mazerolle 2012) .
Telemetry study.-From October 2009 to March 2010, we conducted intensive trapping for M. fuscus in an area where individuals had been detected previously (Fig. 1) . This area comprised a mosaic of subalpine woodland and ski runs comprising either exotic grasses or managed indigenous vegetation. Between 50 and 294 traps were set for 4 consecutive nights each month and checked each morning and late afternoon (total of 3,564 trap nights for the study). We trapped 15 M. fuscus and 14 were fitted with a single-stage VHF transmitter (Sirtrack, Havelock North, New Zealand). Transmitters were attached to a nylon zip-tie collar with a cotton thread weak-link. The complete radiocollar weighed 3 g and was < 3% of any collared animal's weight (Rodgers 2001) . After fitting radiocollars, we released animals at their capture points. Radiotracking commenced in October 2009 and continued until March 2010. We conducted tracking over 2-3 nights to provide a minimum of 20 fixes per individual each month. The number of M. fuscus tracked per month varied from 2 to 8 individuals. For 8 individuals (5 females and 3 males), > 40 locations were recorded (X SE = ± 49 9 4 3 . . ). Fewer than 40 locations were obtained for the remaining 6 individuals owing to collars falling off (weak-link breaking, 3 individuals) and predation (3 individuals).
We located collared individuals once during the day and at hourly intervals between 2100 and 0700 h. An hourly interval was chosen to optimize the number of locations recorded while minimizing the potential for autocorrelation (Swihart and Slade 1985) . We used handheld 3-element Yagi antennas and Communication Specialists R-1000 receivers (Communication Specialists Inc., Orange, California) to triangulate locations of animals from fixed points. Due to signal bounce, triangulation of locations was not always feasible and it was necessary to walk to the source of the signal. To minimize animal disturbance, we attempted to avoid walking within 5 m of an animal. The accuracy of this method was assessed in 20 tests with hidden transmitters: observers were able to predict the location of transmitters within a radius of 2 m of its actual location from a distance of 5-10 m.
Home-range measures and movements.-Home-range measures were developed only for the 8 individuals (5 males and 3 females) for which ≥ 40 locations were obtained; assessing range size with fewer data points is deemed unreliable (Seaman and Powell 1996) . Kernel density estimators (Worton 1989) were used to estimate core areas of use (50% isopleths; K50) and total ranges (95% isopleths; K95). Least-squares cross-validation was used to determine smoothing factors (h) for fixed kernel estimators (Silverman 1986; Seaman and Powell 1996) . The median h value was then applied for each animal. Analyses were conducted using Hawth's Analysis Tools in ArcGIS 9.2 (Beyer 2004 ). The distance moved per hour by an animal was determined when only 1 h had elapsed between consecutive locations. All means are stated ± SE.
Research on live animals followed American Society of Mammalogists' guidelines (Sikes et al. 2011) 
Results
Fecal pellet surveys.-M. fuscus fecal pellets were found at 17 of 52 (32.7%) sites. Of the 3 models considered, only the habitat structure model received support (lowest AIC c value, Akaike weight = 0.99; Table 2 ). This model explained 28% of variance in the data and revealed that M. fuscus pellet presence was associated with the quadratic version of PC1 (PC1 coefficient = 2.63; 95% CI = 0.94-4.32; PC1 2 coefficient = −0.59; 95% CI = −1.12-−0.06; PC2 coefficient = −0.56; 95% CI = -1.44-0.32).
Model predictions show that M. fuscus pellets were more likely to be found at sites containing dense indigenous vegetation close to ground level (< 20 cm), but where some structural complexity also was present in the mid-story (up to 100 cm; Fig. 2 ). There were only 3 study sites with PC1 values > 1, so interpretation is limited to PC1 values < 1 (i.e., structural complexity up to 100 cm).
Telemetry study.-Average home range (K95) was 3,149.1 ± 551.2 m 2 (range = 1,487.6-6,106.2 m 2 , n = 8; Table 3 ; Fig. 3 ). Core areas (K50) were relatively small (350.4 ± 43.8 m 2 ) comprising 12.5 ± 2.4% (range = 9-27%, n = 8; Table 3 ; Fig. 3 ) of each individual's home range. All individuals were located in areas of dense ground vegetation, woody debris, or rocky outcrops in heathland, boulderfields, and subalpine woodland. None were located on grassy ski runs. The home ranges of animals comprised 45.2 ± 10.8% ski runs with managed indigenous vegetation (range = 20.7-100%, n = 8; Table 3 ). The core areas of 6 animals comprised 48.4 ± 15.0% ski runs with managed indigenous vegetation (range = 13.0-100%, n = 6; Table 3 ). The home ranges of 3 animals comprised 18.0 ± 9.1% managed subalpine woodland with a shrubby understory near lodges on the edge of the resort village (range = 8.8-36.2%, n = 3). The core area of 1 female and the home ranges of 4 other animals (2 males and 2 females) spanned a cleared, narrow (3-5 m) vehicle track.
Mastacomys fuscus individuals typically moved < 20 m between hourly fixes (282 of 317; 89%). Longer movements of 50-110 m per hour were infrequent (16 of 317; 5.1%). Two males each moved 540 and 1,020 m between monthly tracking periods. These movements would have involved crossing a wide (200-300 m) grassy ski run (Fig. 3 inset) .
Discussion
Destruction and modification of habitat resulting from ski resort development represents a serious threat to the conservation of subalpine and alpine fauna (Rolando et al. 2007; Martin 2013 , Sato et al. 2014 . We found M. fuscus to be restricted to areas of dense indigenous vegetation across an alpine ski resort. Individuals typically had small home ranges. However, telemetry revealed an ability of M. fuscus to utilize managed indigenous vegetation within ski runs, to cross narrow, cleared tracks, Fig. 3 .-Kernel home ranges of 2 female and 2 male Mastocomys fuscus demonstrating typical habitat use. Total ranges (95% probability contours; clear fill) and core ranges (50% probability contours; crosshatch fill) of individuals with nonoverlapping ranges are displayed. The inset map shows the long-distance movements undertaken by 2 males.
and to occasionally undertake long-distance movements. These latter findings potentially underpin the persistence of the species in a modified landscape and provide valuable information to guide M. fuscus conservation. Fecal pellet surveys indicated that M. fuscus is patchily distributed across the Mt Buller Alpine Resort (33% of survey sites occupied). Modeling indicated that M. fuscus' pellets are most likely to occur in areas with dense vegetation cover close to ground level (< 20 cm height) with additional vertical cover to 100 cm. Telemetry confirmed this result, with animals always located in dense vegetation. A similar preference for dense vegetation cover has been observed elsewhere (Bubela and Happold 1993; Clarke and White 2008; Happold 2011) . Dense vegetation cover provides M. fuscus with foraging opportunities, nesting sites, and protection from predators (Wallis 1992; Green and Osborne 2003) . In our alpine study area, shrub cover also may facilitate the formation of subnivean space, which permits animal movement under the snowpack in winter (Sanecki et al. 2006) .
Although only occurring in dense cover of indigenous vegetation, M. fuscus appears to be tolerant of some level of habitat disturbance. With the establishment of ski runs and resort infrastructure, all native habitats in our study area have been modified by fragmentation and associated edge effects (see Lindenmayer and Fischer 2006) . Further, indigenous vegetation within ski runs is slashed or pruned annually, sometimes as low as 30 cm (Harvey and Rumpff 2004) . Although results from fecal pellet surveys suggest that slashing vegetation to < 1 m may reduce habitat quality for M. fuscus, the presence of radiocollared M. fuscus in these areas suggests an ability to either cope with this disturbance or to move back into managed areas as vegetation recovers. At the time of our study, vegetation had not been managed on the ski runs in the telemetry study area in the preceding 12 months. Other studies also have documented the ability of M. fuscus to colonize previously disturbed sites once low vegetation structural complexity is regained (Driessen 1999; Clarke and White 2008) .
Structural complexity of vegetation accounted for 28% of variance in the presence of fecal pellets. Cover of snow grass (Poa spp.) was not an influential predictor despite it being an important food source for M. fuscus (Carron et al. 1990 ). However, although cover varied, snow grass was present at all survey sites so may not limit the distribution of M. fuscus at Mt Buller. Although not directly investigated in this study, predator activity may influence both the distribution and persistence of M. fuscus populations in the Mt Buller Alpine Resort. Three of 14 (21%) radiocollared individuals perished as a result of predation. The predator was not identified in any of these cases but may have been a cat (Felis catus) or European red fox (Vulpes vulpes), both of which are present across the resort. Previous work in an alpine region found that foxes prey selectively on M. fuscus (Green 2002) , and grassy ski runs may facilitate predator activity (Sato et al. 2014) . In addition to direct predation, the presence of predators also is known to influence the behavior of prey species, including their habitat selection (Dickman 1992; Bubela and Happold 1993; Stokes et al. 2004 ).
Habitat loss and fragmentation resulting from the creation of ski runs is known to negatively impact fauna (e.g., Rolando et al. 2007; Negro et al. 2009; Caprio et al. 2011) . Negro et al. (2013) found ski runs to be unsuitable habitat and complete barriers to movement for 5 small mammal species in the Italian Alps. Radiotracking of the fat dormouse (Glis glis) revealed that home ranges never included habitat on opposite sides of a ski run (Negro et al. 2013) . At Mt Buller, fragmentation and isolation of habitat has contributed to a decline in genetic variation in the endangered mountain pygmy-possum (Burramys parvus- Mitrovski et al. 2008 ). However, results from our study indicate that ski runs consisting of managed indigenous vegetation do not inhibit movement of M. fuscus. The home ranges of all radiocollared animals comprised more than 20% ski runs with managed indigenous vegetation and 6 animals used these areas intensively (i.e., such habitat included within their core areas). Notably, the core areas of 2 individuals were entirely within such ski runs. Telemetry also revealed an ability of M. fuscus to utilize other human-modified habitats. Three radiocollared individuals used managed indigenous vegetation in close proximity to ski lodges. Furthermore, a 3-to 5-m wide cleared track did not inhibit movement: several animals regularly crossed this track to utilize habitat on either side.
Although home ranges were small and movements of M. fuscus individuals between successive hourly locations were typically ≤ 20 m, 2 male animals conducted successful 1-way movements of between 500 and 1,000 m between survey months. Both of these movements would have involved crossing a 200-m wide, grassy ski run, although they may have been facilitated by shallow, vegetated drains established for erosion and sediment control. Although the sample size is small, that 2 of 3 collared male animals moved this distance during our study suggests that such events may occur semiregularly. Occasional longer-distance movements may be critical for the persistence of M. fuscus at the broader landscape scale via the establishment of a metapopulation structure (Hanski 1999) . Dispersing individuals may supplement extant patch populations, thereby reducing the risk of stochastic extinction, or they may facilitate recolonization of vacant but otherwise suitable patches (e.g., Holland and Bennett 2011) . A metapopulation structure has been described for M. fuscus previously, with patch isolation found to be a strong predictor of occupancy (O'Brien et al. 2008) . At Mt Buller, metapopulation dynamics and the influence of factors including patch size and isolation on patch occupancy require further investigation.
Continued persistence of M. fuscus in the Mt Buller Alpine Resort will rely on maintaining, and possibly enhancing, the ability of M. fuscus to move across the landscape. Consequently, we recommend several management actions. Further destruction and subdivision of key M. fuscus habitat (e.g., heathlands and boulderfields) should be avoided. Connectivity and creation of habitat should be promoted by restoring indigenous vegetation to grassy ski runs where possible. Frequent slashing or pruning indigenous vegetation to a height < 1 m also should be minimized to ensure that habitat quality is not degraded. In many parts of the resort, these actions are already being undertaken for conservation of B. parvus (Perrin et al. 2007 ). Other current resort management practices also may have positive outcomes for M. fuscus. For example, the 2 long-distance dispersal movements observed in this study were likely facilitated by the presence of shallow, vegetated drains established for sediment and erosion control. Such drains are common across the resort and, if maintained, may enhance the dispersal potential of M. fuscus. In addition, the predator control program implemented for the conservation of B. parvus also is crucial for conservation of M. fuscus. The high rate of predation observed in this study may be detrimental to continued persistence of M. fuscus. Predation risk is likely to be greater for dispersing individuals, especially when moving long distances or through suboptimal habitat (O'Brien et al. 2008) . Maintaining introduced predators at low densities, therefore, is likely to enhance the probability of successful dispersal events.
Our study of M. fuscus demonstrates how knowledge of the distribution and ecological requirements of a rare species, and an understanding of the key processes that facilitate its persistence, can be used to develop effective conservation measures. Such sympathetic management will become increasingly important for rare species as anthropogenic disturbance increases and additional stressors (e.g., climate change) begin to exert greater influence on alpine environments.
